The interface barrier formation mechanism of micro-cracks of coal and rock mass is investigated by using theoretical analysis and piezoelectric experiments. It is found that the micro-cracks of coal or rock expand constantly under external loads, while the slip, dislocations and inhomogeneous deformation of crack interface and lattice cause charge breakthrough, and then, barrier form on the crystal interface. The generation process of charge is accompanied by the friction of micro-crack slip, and the dislocation and deformation are analyzed theoretically. A theoretical model of micro-crack slip friction charge is established. Furthermore, piezoelectric law of coal or rock deformation and fracture is studied experimentally. The results show that cracks expand vertically more seriously than horizontally, and vertical cracks expand first, followed by horizontal ones, which expand continuously till crashed at the end of the coal sample. Crack interface value of potential barrier increases constantly in the compression process of coal sample. And before the coal sample gets crashed, sliding friction between crack interfaces reaches the peak, together with the potential barrier. Moreover, extreme acceleration of transfer speed of charge is based on extreme multiplying potential value of crack interface. Both crack interface barrier and potential amplitude get change dramatically before the coal sample fracture, which will help to get the precursor information of coal sample rupture. More importantly, the monitoring results can predict the extent and state of coal and rock rupture.
Introduction
The deformation and fracture process of coal or rock is accompanied by the charge generation under external loads. Studying the charge generated by coal or rock deformation and fracture is significantly important for monitoring coal and rock mass deformation and failure [1] [2] [3] . Domestic and foreign researchers had carried out a lot of research on the phenomenon of rock fracture charged. And the subjects are mostly limited to marble, granite and other hard rock. Ponomarev conducted investigations on the natural charged changes of rupture of the rock under uniaxial cyclic loading [4] . Brady and Rowell [5] have carried out a laboratory investigation of the electrodynamics of rock fracture. He et al. [6] also studied the electromagnetic emission characteristics in roof failure. The surface charge phenomenon of granite under uniaxial compression is studied by Wu [7] . It shows that the rock surface positive charge can be generated during loading process. The potential variation of granite and marble in deformation and fracture process under uniaxial compression is studied by Enomoto [8] . The instantaneous potential of about 40 mV and about 35 pA current signal is obtained in the fast loading test on granite and gabbro by Takeuchi [9] . However, there are few studies on the generation process of charge for coal and rock deformation and fracture [10] [11] [12] [13] . Can coal and rock mass deformation and fracture process produce charge? What is the mechanism of charge and what is the charge generation law? The charge generation mechanism and piezoelectric law of coal or rock fracture are not clearly understood. Therefore, study on formation of micro-crack interface barrier and piezoelectric effect of coal and rock mass, which can provide strong guidance for the charge monitoring on coal or rock burst, is important both in theory and in engineering applications.
In this paper, the interface barrier formation mechanism of micro-cracks of coal and rock mass is investigated by using a combination method of theoretical analysis and piezoelectric experiments. The charge accompanying with the friction process of micro-crack slip dislocation and deformation is analyzed theoretically. At the same time, the theoretical model of micro-crack slip friction charge is established. And then, piezoelectric law of 2. Discussion on barrier formation mechanism of micro-crack interface 2.1. Barrier formation mechanism of micro-crack interface Coal and rock mass includes a lot of tiny cracks. And microcracks close first under external loads. With the external loads increase continuously, new cracks will emerge and the original cracks will grow in coal-rock body. At the same time, the crack surface and the cutting edge generate dislocations and slip [14] , which result in coal or rock volume expansion and deformation. There must be interface friction accompanied by the movement and transfer of atoms in the deformation process. Also, positive and negative charges accumulate on different directions. A vacancy formed in the transfer process. For the same, atoms can also jump to different space because of constantly reduplicative movement and transfer. So a state of equilibrium achieves ultimately. Fig. 1 shows the mechanism diagram of the coal rock micro-crack tip dislocation.
Vacancy generated by dislocation
Newborn cracks, expansion and deformation of existing cracks of coal or rock occur under external loads. Atoms jump from one lattice position to another, which cause vacancy formation at original lattice position. It can be also understood as the atom jumps to the vacancy [15, 16] and the vacancy transfers from one grid location to another. Atoms jumping movement result in diffusion generated in the micro-cracks rupture process of coal and rock mass deformation. The interface charge generation of coal-rock is also the atomic jump process. While, only the atom get the jump conditions that the value is more than the barrier, can the atoms jump cross the barrier (the maximum of the potential energy between two gaps). Fig. 2 shows the schematic illustration for the formation of vacancy. Fig. 3 indicates atoms at interstitial sites with the relative minimum potential energy.
Calculation of the vacancy formation energy
Vacancy formation can be envisaged for two steps. First, a positive charge is uniformly distributed in the matrix and remove the uncharged atoms, so that the entire crystal maintains a neutral power and then a positive ion vacancy is formed. Second, atom which resume its positive charge is placed on the surface edge. Therefore, the vacancies [17] forms including two parts of the increase of the electrostatic potential energy and electron kinetic energy.
Increase of the electrostatic potential
Assume vacancy formed at a certain point p in the crystal. The electrostatic potential in the distance of r is V P ðrÞ. The electrostatic potential energy of an electron is ÀV P ðrÞe, n represents the electron density; n ¼ 8π=3h 3 p 3 0 . The electrostatic potential increased by the vacancy formation is:
where, R is the actual effective range of the charge field formed by the vacancy formation. If the maximal energy of the electrons is expressed by ÀeV 0 , and we get:
where, p 0 ðrÞ and V P ðrÞ are the electron momentum and potential, respectively. m is the electron mass. The maximal energy of electrons is equal to the free-density which is ÀeV 0 ¼ E 0 F , and substitute it into Eq. (2):
The distribution of negative charge density at r is
The positive charge density is Charge density at r is
Expend ½1 þ eV P ðrÞ=E 0 F 3=2 and get the first two terms, the charge density is formulated as:
Unit volume state distribution function for free electrons:
where, h and m are constant. NðEÞ ¼ CE 1=2 , C ¼ 4πð2mÞ 3=2 =h 3 . Thus,
Formula (9) shows the relationship between the electrostatic potential (V P ðrÞ) and net charge distribution.
Assume that the space point is a point charge. Then,
Substitute the above equation into the formula (9):
Substituting formula (1):
The electron density can be expressed as:
The increment of the electrostatic potential is:
Reduction of the electron kinetic energy
Electronic charge density reduces caused by crystal volume expansion. Then we get,
where, N is the number of crystal atoms. V is the crystal volume. ΔV is the crystal volume expansion. ΔE 0 F is the fees density change. Knowing that ΔV ¼ V N , on the type points can be:
The original average kinetic energy of each electron is 3=5E 0 F . The volume expansion caused by changes in total kinetic energy of the electronic is
Neglecting the effect of other distortion shape, the vacancy formation energy is:
Theoretical model of crack sliding friction electricity
The relative slip and deformation [17, 18] which cause crystal volume expansion between the crack tip lattice in the crack propagation process of coal and rock mass. However, the expansion of crystal volume will result in inhomogeneous deformation lattice creating a dislocation. Fig. 4 shows the slip volume expansion diagram. Fig. 5 indicates schematic diagram of the dislocation deformation.
Symmetrical processing is in accordance with the lattice structure, and we take 1/4 as the research object. Assume that crystal deformation process in the lattice moves parallelly. The lattice average size is recorded by D. And the chemical potential of the crystal on the interface is:
where, e is the electron charge. q n is the effective charge number. ϕ is the electric potential. Ω represents the atomic volume. s x and s y are the normal stress on the crystal at the interface of x and y directions, respectively. Among, positive represents tensile stress, and negative represents pressure stress.
The diffusion flux along the crystal interface as:
where, S b is the diffusion coefficient of the crystal interface. δ b is the thickness of the crystal interface. k is the Boltzmann constant. T is the absolute temperature. According to the condition of conservation of mass: 
where, ν x and ν y are the rate of quality accumulation or consumption of the crystal on the interface, respectively. Positive represents the accumulation. On the contrary, negative represents the consumption.
Into the formula (20) :
Assuming ρ 0 to be the reference value of charge density, and η the resistivity. The one-dimensional treatment is:
Eq. (23) can be transformed into:
On the type points can be:
where, ν x , ν y , C 1 , C 2 , C 3 and C 4 all can be determined through the boundary conditions.
Assuming that the average strain rate is ε in the process of the lattice deformation. Crystal interface charge generated in the expansion process of lattice slip and inhomogeneous deformation can be expressed as:
4. Experimental study of the piezoelectric effect of coal and rock
Coal samples and devices
The coal sample size is 50 mm Â 50 mm Â 100 mm. The experiment instruments and equipments consist primarily of loading system, signal data acquisition systems, data recording system and electromagnetic shielding systems. The charge signal generated by the deformation and fracture of coal or rock is weak. So, the weak charge signal is converted to a voltage signal [19, 20] by charge sensor. Fig. 6 shows the piezoelectric experimental setup of coal and rock. Fig. 7 indicates the results of the coal sample damage in piezoelectric experiment. Cracks develop through vertical direction, transverse crack expand continuously, consequently, the crack breaks [19, 20] at the end of coal sample. By interface barrier formation mechanism of micro-crack and theoretical model of crack sliding friction electricity, it is known that the potential difference (potential) caused by the interfacial charge transfer and barrier increasing in the process of coal sample crack propagation. Therefore, the potential changes measured by piezoelectric experiments can reflect the law of the charge generated in the process of coal rupture.
Analysis of piezoelectric effect of coal and rock
A set of data result is analyzed for the experimental results are consistent. Fig. 8 indicates the relations between stress and monitoring potential changes with time. The piezoelectric experimental results show that the signal is weak. The reason is that the original crack close and potential value is very small at the initial. With the constant load, the newborn crack interface barrier increase causing signal and potential value enhance. Before the coal sample rupture, the sliding friction of crack interface is the most intense, and the amplitude of monitor potential changes is also the most obvious. The crack interface friction decreases suddenly after coal sample rupture. And then, the charge transfer [21, 22] speed up instantly, and the interface barrier also increase instantly. In addition, the charge transfer is significantly accelerated before the coal sample rupture. That is, the crack interface barrier increase rapidly before the rupture of coal sample. Therefore, the precursor information can be obtained before the coal sample breakdown. The monitoring results can predict the extent and state of coal or rock breakage. 
Conclusions
Based on the study of formation of micro-crack interface barrier and piezoelectric effect of coal and rock mass, the following conclusions can be drawn:
(1) The micro-cracks of coal or rock expand constantly under external loads. The slip dislocations and inhomogeneous deformation of crack interface and lattice cause charge breakthrough. At the same time, barriers form on the crystal interface. (2) The charge generated in the friction process of micro-crack slip dislocation and deformation is theoretically analyzed. Then, a theoretical model of micro-crack slip friction charge is established. (3) The crack interface barrier and the potential value increase constantly in the compression process of coal sample. Also before the coal sample rupture, sliding friction between crack interfaces is the strongest, the barrier is the highest. Moreover, the transfer speed of charge accelerated, and potential amplitude change is most obvious. (4) Both the crack interface barrier and the potential amplitude get a major change before the coal sample fracture. The precursor information can be obtained before the coal sample breakdown. The monitoring results provide the basis for the prediction of the extent and status of coal or rock break. 
